A challenge for nonlinear imaging in living tissue is to maximize the total fluorescent yield from each fluorophore. We investigated the emission rates of three fluorophores-rhodamine B, a red fluorescent protein, and CdSe quantum dots-while manipulating the phase of the laser excitation pulse at the focus. In all cases a transform-limited pulse maximized the total yield to insure the highest signal-to-noise ratio. Further, we find evidence of fluorescence antibleaching in quantum dot samples. 
Introduction
Two-photon laser scanning microscopy (TPLSM) with fluorescent indicators is a unique and critical means to probe structure and function in biological systems. This approach excites only molecules at the focus of the objective [1, 2] and thus does not lead to photobleaching of fluorophores away from the region of interest. Despite this advantage, the bleaching rates within the focal excitation region are significantly increased as compared to confocal microscopy [3, 4] . This is a serious problem that limits the acquisition of data, particularly in in vivo functional and structural studies. Yet the mechanisms that cause the increase in photobleaching are not fully understood [5] . Improvements to photostability in two-photon excited fluorescence (TPEF) microscopy have been attempted by manipulation of the femtosecond excitation pulses in terms of their energy [4, 6, 7] , repetition rate [6, 8] , and shape [7, 9] . Past work investigating the pulse shape dependence considered decreases in the bleaching rate as a function of pulse shape and pulse energy [9] . Here we examine bleaching rates and yields in the power-limited case, which is often encountered in deep-tissue imaging [2] .
We study three biologically relevant fluorophores, i.e., Rhodamine B isothiocyanateDextran (RhB-ITC), Tag red fluorescent protein (TagRFP), and CdSe quantum dots (QDs), in aqueous environments. We ask, first, can we define the spatial and temporal characteristics of the laser pulse at the focus of a high numerical aperture objective? Toward this goal we use a grism-based ultrashort pulse shaper [10] in combination with a dual focal, two-photon imaging system [11] to systematically manipulate the excitation pulse intensity and phase at the focus of high numerical aperture objectives, and introduce a new variant of frequencyresolved optical-gating (FROG) [12] to characterize the pulse shape at the focus. Second, how does the fluorescent yield depend on the temporal pulse shapes at the focus of the excitation laser? Photon counting enables us to quantify the number of emitted photons per pixel dwell time in the presence of bleaching, i.e., the number of emitted photons during the exposure time. Lastly, we consider the application of our methods toward imaging living plant cells that express monomeric red fluorescent protein (mRFP).
Experimental methods

Apparatus
To characterize photobleaching as a function of spectral dispersion, we used a titanium-doped sapphire (Ti:Al 2 O 3 ) extended cavity oscillator with a 21.7 MHz repetition rate and central wavelength of 808 nm as the excitation source. Two spectral bandwidths of 19 nm and 40 nm (measured at the full-width at half-maximum (FWHM) of the spectral intensity) were used for these studies, for reasons described in the following subsection. Using the laser spectrum, we calculated transform-limited pulse durations of 51 fs and 20 fs respectively for these bandwidths. Average powers in the sample plane of the microscope were measured to be 11.2-11.7( ± 0.1) mW for the pulse shapes used.
The microscope used in this study was a multifocal system with two foci in the sample plane [11] . To achieve multiple foci, shaped pulses from the grism pulse shaper were split using a polarizing beam splitter (PBS), with a λ/2 waveplate to control the power ratio between the two arms. The two beams were then retro-reflected back through the PBS by inserting a λ/4 waveplate in each arm to rotate the polarization of each pulse by 90 degrees after double-passing, thereby transmitting both pulses to the microscope scan optics. Since the input pulse was split with a single PBS, the two beams transmitted to the scan optics are collinear and orthogonally polarized.
Measurement of photobleaching data was performed in a modified commercial microscope body (IX-71, Olympus) with a photomultiplier tube (PMT; Hamamatsu R7400) measuring two-photon fluorescence in the epi-direction. All measurements were performed in photon-counting mode. Laser pulses were focused with a 0.75 NA/40x objective (UPlanFLN, Olympus). Fluorescence was detected through a 600-655 nm bandpass filter (FMF005, ThorLabs). A 1-mm-thick BG-39 filter was inserted prior to the bandpass filter for additional attenuation of back-scattered excitation light.
Spectral dispersion compensation and pulse shaping
To accurately synthesize the desired pulse shape at the focus of a multi-element, high NA objective, the operating regime must be carefully determined. In multiphoton microscopy, spatial aberrations are ultimately coupled to temporal distortions. The extent of this coupling can be precisely determined by using two-dimensional spectral interferometry (2DSI) [13] . Specifically, one can extract the impact of the spatial distortions on pulse duration. Previous measurements of the coupling between spatial and temporal distortion were used to establish important imaging boundaries. For example, 2DSI measurements on a 1.25 NA Zeiss objective indicated that for pulse durations greater than 50 fs, spherical aberration is dominant, and while the focus broadens spatially as a result of this distortion, the impact on pulse duration is negligible. Conversely, for pulse durations on the order of 15 fs, the chromatic aberration is dominant, and will result in broadening the pulse duration to approximately 25 fs [13] . In the case of these very short pulses, distortions are a complex mix of radially varying aberrations. Presently, it is not possible to compensate for these effects. For longer pulse durations (>50 fs), however, the effects of spatial distortions for this optical system are effectively decoupled from time, meaning that both the spatial aberrations and the spectral dispersion can be readily compensated.
Being able to precisely measure this "break point" in the optics (that is the pulse duration where spatial and temporal aberrations effectively decouple) enabled us to design this study to operate in a regime where the pulse shaper can fully compensate for the temporal pulse broadening. By limiting pulse durations to 20-50 fs or longer, we ensured that the targeted pulse shape was effectively produced at the focus and was not distorted by spatial or chromatic aberrations of the scan optics or excitation objective. This was further reinforced by our ability to directly extract the pulse shape at the full NA of the objective. Thus, while previous studies have investigated the effect of temporal pulse shape on photobleaching rates, we study these rates in biologically relevant fluorophores and with bandwidths that allow for transform limited pulses to be synthesized at the focal plane of the microscope, without the complication of chromatic aberrations which cannot be compensated. Direct measurements of temporal pulse shapes at the excitation plane of our microscope are correlated to photobleaching rates and fluorescence yield for the first time to our knowledge.
Spectral dispersion of excitation pulses was removed at the sample plane with a grismbased femtosecond pulse shaper [10] . The unique properties of the grism pulse shaper allowed for the removal of all second-order dispersion (SOD), or equivalently, group delay dispersion (GDD), and third-order dispersion (TOD) by adjusting passive controls of the device. This reserved the dynamic range of a liquid crystal spatial light modulator (LC SLM; Boulder Nonlinear Systems, Lafayette, CO) for programmable control of the spectral phase and removal of higher-order dispersion (HOD). This pulse shaping system introduces negligible spatial chirp for the bandwidths considered here [10] .
We investigated four different pulse shapes: (1) the input (INP) pulse, which was transform-limited at the input to the microscope; (2) the third-order-limited (TOL) pulse, in which all second-order dispersion was removed at the image plane; (3) the fourth-orderlimited (FOL) pulse, for which all second-and third-order dispersion were removed at the image plane; and (4) the objective (OBJ) pulse, which was optimized by a genetic algorithm to obtain transform limited pulses at the image plane.
To synthesize the INP pulse, the intensity of second-harmonic generation (SHG) from a β-BaB 2 O 4 crystal was maximized at the output of the grism pulse shaper. Because the intensity of SHG is maximal for a transform limited pulse [7] , we used an evolutionary strategy (ES) with the intensity of SHG as the feedback parameter to find transform limited pulses. The variable space was the collection of spectral masks that may be written to the LC SLM. Alternatively, we have spectrally resolved the SHG signal and optimized the area under its intensity envelope. It was found that both optimization parameters resulted in transformlimited (TL) pulses at the β-BaB 2 O 4 crystal plane.
To find the TOL and FOL pulses, the excitation pulse was focused into a sample of Rhodamine 6G in water (Rh6G-H 2 O). Since the sample was allowed to freely diffuse, we measured the TPEF from a supply of unbleached fluorophores diffusing into the focal volume, and therefore detected no photobleaching from this sample. To remove second-order dispersion (GDD) from the pulse, we adjusted the passive controls of the grism pulse shaper to remove only GDD (see Ref. 10) . As in the case of SHG, TPEF is maximized by transform limited pulses, as long as the excitation power is kept below the saturation level of the dye. By maximizing the TPEF signal in this way, we removed all the GDD from the pulse. Next we adjusted the passive controls of the pulse shaper to remove both TOD and GDD from the pulse. Again, by maximizing the TPEF signal from a non-bleaching sample of Rhodamine 6G, we removed all GDD and TOD from the pulse.
Finally, to find the OBJ pulse, the ES was again employed to iterate on the spectral phase of the pulse to maximize the TPEF signal from the Rh6G-H 2 O sample. In this way, HOD was removed from the pulse, and we synthesize a pulse that is as close to TL as possible in the focal plane of the objective.
To collect bleaching data, the field-of-view of each sample was first imaged to ensure that the sample was homogeneous [ Fig. 1(a) ]; we used the longest-duration pulse for this purpose to minimize bleaching. We then excited a specific location within the field-of-view for several seconds and collected the fluorescence. Seven spots were irradiated for each of the four pulse shapes [ Fig. 1(b) ], then averaged to obtain a photobleaching curve [ Fig. 1(d) ]. After bleaching, the sample was imaged once more to ensure that no sample drift occurred during the exposure that could cause fluorophore replenishment in the excitation volume [ Fig. 1(b) ]. Data was also acquired in scanning mode for a square area 45 µm on a side. Each image was scanned at one frame per second for one hundred seconds, corresponding to a pixel dwell time of 61 µs for the 128x128-pixel images collected. The first image of the series was viewed immediately after data acquisition to ensure homogeneity of the fluorophore distribution in the FOV. The average photon count in the FOV for each image of the series was computed and plotted as a function of time. Each data point in this mode represents the average over all 16,384 pixels contained in an image.
Type-II Blind FROG pulse characterization in the focal plane
Frequency-resolved optical-gating (FROG) provides a means to characterize femtosecond pulses. A spectrally resolved signal is generated by two pulses that overlap in both space and time in a nonlinear medium, and is recorded as a function of delay between the pulses [12] . In our system, the two pulses overlap in the sample plane and are orthogonally polarized [11] . Even though the pulses at each foci accumulate different amounts of dispersion, the intensity envelope and phase of each pulse may be simultaneously extracted through blind deconvolution [12, 14, 15] of a single FROG measurement in the focal plane of the objective.
By overlapping the pulses from the multifocal system spatially and temporally inside a KDP crystal with type-II phase matching at the sample plane, we measured a background free second-harmonic generation (SHG) FROG trace at the focus of the excitation objective. Collinear type-II SHG FROG at the full numerical aperture of an excitation objective has been reported [16] . Our pulse characterization technique was different from that in Ref. 16 in that each pulse experienced a different amount of spectral dispersion in the multifocal system due to the additional optics needed for divergence correction on one pulse. This means that the temporal electric fields of each pulse were different, whereas a typical collinear SHG FROG trace would be carried out with identical pulses [16] . When this measurement is performed with different pulses it is known as Blind FROG, indicating that neither electric field is known and must be found from a single measurement [12] . By making a slight modification to the standard principle components generalized projections algorithm (PCGPA) [15] for retrieving the amplitude and phase of an ultrashort pulse from a FROG trace, we were able to simultaneously extract both pulses from a single Blind FROG measurement. Since we knew that one pulse always passed more glass than the other, we were able to distinguish which pulse was used for the bleaching measurements, thereby directly characterizing the electric field of the excitation pulse in the sample plane. Blind FROG traces measured in the focal plane of the objective for all four pulse shapes are shown in Figs. 2(a)-2(d) , with corresponding extracted pulse shapes displayed in Fig. 2(e) and Fig. 2(f) . Peak intensities were calculated for each pulse according to the relation p ave ave peak 2 0
where g is the second-order temporal coherence of the pulse, P ave is the average power in the beam, A is the lateral area of the point-spread function in focus, g p is the shape factor of the pulse, τ is the pulse duration at the full-width at half-maximum (FWHM) of the intensity envelope, f is the repetition rate of the oscillator, and r 0 is the radius of the focal spot. By using the bleached image [e.g., Fig. 1(b) ] to estimate the localization area, we combine measurements of the pulse profile, laser repetition rate, and average power in the sample plane to determine the peak intensity for each pulse. Note that while the temporal pulse shape is taken into account in Eq. (1.1), the spatial profile of the beam is assumed to be a top-hat shape.
Preparation of photobleaching samples
Three fluorophores were investigated for in vitro bleaching measurements. Each sample was prepared in a chemical environment intended to inhibit diffusion while mimicking a physiological environment. The Rhodamine B samples were composed of Rhodamine-B-isothiocyanate-Dextran (RhB-ITC, Sigma Aldrich) suspended in an Agarose gel. The RhB-ITC was dissolved in a Na-HEPES buffer solution (150 mM, pH = 7.4) to a concentration of 37.2 µM. Agarose (SeaPrep Agarose, Lonza Rockland, Inc.) was then added to the RhB-ITC/Na-HEPES solution (90 mg of Agarose powder to 50 mL of solution) and the mixture was heated to approximately 100 C until the Agarose powder was completely dissolved. The heated mixture was then allowed to cool to room temperature, and a 10 µL drop of the fluorescent gel was placed between two cover slips for imaging. The slides were placed in a refrigerator at approximately 5 C for several hours to allow the Agarose gel to completely harden prior to data collection.
Two samples of TagRFP were prepared for these experiments. The first sample was prepared in a similar fashion to the RhB-ITC samples. A slight change was made to the procedure, as heating of the fluorescent proteins can cause denaturing and thus lead to erroneous concentrations. TagRFP samples were received in an imidazole buffer solution (pH = 8.0) at unknown concentrations. Spectrophotometric measurements were performed using the peak absorption extinction coefficient of 85,600 M −1 cm −1 , determined from the Strickler-Berg equation [17] , to determine the concentration of TagRFP in the provided samples. The sample used to prepare bleaching slides was found to be 4.95 µM. Instead of adding the TagRFP directly the Na-HEPES buffer solution before heating, Agarose was dissolved into the buffer solution by the method described above. Once the mixture cooled to 35 C, the TagRFP/Imidazole solution and Na-HEPES/Agarose solution were mixed 1:1, and a 10 µL drop was then placed between two cover slips, and cooled to 5 C to allow the Agarose gel to fully harden.
The second TagRFP sample was made using phosphate buffered saline (PhBS, 10 mM, pH = 7.4) and porcine gelatin. First, 2 g of porcine gelatin was dissolved into 100 mL of boiling PhBS solution, then allowed to cool to room temperature. The TagRFP and PhBS/gelatin solution were mixed 1:1, and then 10 µL of the TagRFP gel was placed on a cover slip. While the solution was cooling, 1.5 µL of 10% v/v gluteraldehyde/H 2 O was added to the TagRFP gelatin to crosslink the proteins. After the gluteraldehyde was allowed to diffuse through the gel and the sample had cooled, another cover slip was placed on top, and the TagRFP perfusate gel was then sealed between the two cover slips using nail polish. Again, samples were cooled to 5 C to allow the porcine gelatin to harden.
Quantum dot (QD) samples were prepared with commercial CdSe nanocrystals (Invitrogen, QDot ITK carboxyl quantum dots, 625 conjugate). The QDs have a CdSe core with a ZnS shell, and carboxylic-acid terminated surface groups attached to the outer shell. The QDs were shipped at a concentration of 8 µM in a 50 mM borate buffer solution at pH = 9.0. To prepare immobilized samples of QDs, we covalently bonded the carboxylic-acid groups attached to the shell of the QDs to an amino-functionalized glass slide (aminopropylsilane microarray slides, Thermo Scientific) using an established procedure [18] . To complete the reaction, two solutions were prepared. The first was made by dissolving 24 mg of 1-Ethyl-3-[3-dimethylaminopropyl]carbodiimide Hydrochloride (EDC) and 27.2 mg of N-hydroxysulfosuccinimide (Sulfo-NHS) into 5 mL of deionized water. This solution serves as the catalyst for the covalent bonding reaction. The second solution prepared was a buffer solution of 2-[morpholino]ethanesulfonic (MES) at 6.25 µM. The purpose of this buffer solution was simply to match the pH of the EDC/Sulfo-NHS catalyst solution, which increases the bonding efficiency during the reaction. As the pH of these solutions does not affect the fluorescent properties of the final samples, their pH was not recorded. The reaction was performed by placing a functionalized glass slide into a bath of the buffer solution in a Petri dish. Next, 50 µL of the QDs solution was added to the bath. Finally, 600 µL of the EDC/Sulfo-NHS solution was added to the bath, which was continuously stirred for 15 minutes. Afterwards, the slide was removed and washed with water, acetone, and toluene, before being dried by a nitrogen jet. Samples were then stored at 5 C for several days before imaging.
Maize plants used for in vivo studies were genetically modified to express the GLOSSY8 (GL8) protein tagged with mRFP using protocols described elsewhere [19, 20] . Briefly, to ensure native gene expression the full length genomic sequence of the gene encoding GL8, including regulatory regions 3 kilobases (kb) upstream and 2 kb downstream of the coding sequence were PCR amplified to include the coding sequence for mRFP at the start codon, cloned into Gateway vectors (Invitrogen) and prepared for maize transformation at the Plant Transformation Facility at Iowa State University.
Results
We observe that both the fluorescence emission and bleaching rates increase as the duration of excitation pulses is decreased for both molecular dyes [ Fig. 3(a), 3(b) ]. We tabulated both the rate of TPEF bleaching and the total number of photons for constant incident power versus the second-order temporal coherence (g) of the pulse at the focus (Table 1 ). This metric, defined as:
where f is again the repetition rate of the laser, and I(t) is the temporal intensity, accurately characterizes the pulse width and shape [21] . We note that the bleaching curves do not exhibit single-exponential decay, as expected due to the non-uniform spatial illumination intensity [22] . Bleaching rates were determined by fitting a sum of three exponentials to the fluorescence curves, and using the analytical representation of the decay curves to find the time needed to decay by a set amount ( Table 1 ). The slight increase in bleaching rate between the FOL and OBJ pulses for the RhB-ITC sample illustrates the general trend in the RhB-ITC data where higher order correction is difficult to distinguish. We observe an increase in yield as the beam approaches the transform limit at the focus, indicating we maintain pulse intensities below the saturation intensities of each fluorophore. Moreover, we find no deviation from quadratic behavior for TPEF intensity versus average power in aqueous non-bleaching samples (data not shown). Unlike the two organic molecules, quantum dots show an initial increase in fluorescenceantibleaching -followed by slow decay in fluorescence [ Fig. 3(c) ]. The rates for quantum dot antibleaching were determined as the inverse of the time needed for the fluorescence signal to reach 110% of its initial intensity. The rates were again calculated by fitting the fluorescence curves to a functional form, in this case a bi-exponential decay that was inverted to represent an increase in fluorescence as a function of excitation time. In contrast to antibleaching, the slow decay of the fluorescence was expected in light of the high photostability of quantum dots compared to other fluorophores [23] . Lastly, fluorescent yield increases as the second-order temporal coherence [cf. Eq. (1.2)] of the pulse increased for all fluorophores, as expected from theoretical considerations (Table 1) [5, 21] .
As the duration of excitation pulses is decreased, stretching due to spectral dispersion becomes more pronounced. While GDD is the main cause of pulse stretching in the data shown in Fig. 3 , TOD and HOD play crucial roles in shorter excitation pulses [21, 24] . To illustrate this, we increased the bandwidth of our oscillator from approximately 19 nm to 40 nm, corresponding to transform limited pulse durations of 51 fs and 20 fs respectively. According to previous studies, chromatic aberration is still negligible for the 20 fs pulses [13] . Using a variation of spectral interferometry called SEA TADPOLE [25] [26] [27] , we have previously characterized the amount of GDD in our microscope to be approximately 5700 fs 2 . This amount of GDD stretches the 51 fs pulse to 286 fs, while stretching the 20 fs pulse to 694 fs. This example illustrates that as more bandwidth is added to the pulse, dispersion has a larger impact on pulse duration. We therefore expected that by increasing the bandwidth of the Ti:Al 2 O 3 oscillator, removal of TOD and HOD would have a more drastic affect on the fluorescence yield and bleaching rate, as had been observed in previous studies [28] .
Bleaching curves for the expanded bandwidth pulses for RhB-ITC and TagRFP samples are shown in Fig. 4 , where Fig. 4(a) and Fig. 4(b) show bleaching in the non-scanning mode, while Fig. 4(c) and Fig. 4(d) show bleaching in the scanning mode. As expected, we observed a greater increase in the fluorescence yield with correction of HOD as compared to the longer excitation pulses, for which the majority of the increase in fluorescence is found by correcting GDD [21, 24] . Our in vitro results demonstrate that laser pulses that are transform limited at the focus significantly improve the efficiency of two-photon driven fluorescence for the fluorophores and wavelengths used in this study (Table 1) , despite the concurrent increase in photobleaching rates, resulting in an improved signal-to-noise ratio (SNR) during the duration of the measurement. In order for the instantaneous fluorescence from the OBJ pulse to fall below that of the INP pulse, thereby decreasing SNR from TL pulses, we found that bleaching times on the order of one hundred seconds were required. Since no real-world TPEF microscopy experiment approaches dwell times on the order of one hundred seconds, it is safe to assume that the signal from the OBJ pulse will always result in better SNR. Moreover, as previous reports have indicated [4] , one can simply decrease the average excitation power to obtain the minimum acceptable SNR to minimize bleaching further.
To test responses in the complex environment of a biological sample, epidermal cells of maize plants that were genetically modified to express mRFP were used to test for fluorescence photobleaching in vivo. The transform limited pulse yields improved contrast and enhancement of cellular features [ Fig. 5(a), 5(b) ]. This improvement persists as a function of time [ Fig. 5(d), 5(e) ]. An average of the fluorescence across the entire sample [ Fig. 5(f) ] shows that the yields with a transform pulse at the focus results in an ~5-times improvement in the total fluorescent yield, and display bleaching dynamics similar to those found in our in vitro studies. Fig. 5 . Improvement of TPEF signal by shortening excitation pulse in epidermal cells of a maize plant expressing the GL8 protein tagged with mRFP. Images were taken with (a) INP and (b) OBJ pulses respectively. In the OBJ image, the arrow points to mRFP concentration near the nucleus, while the arrowheads indicate cytoplasmic strands in the cell. Note that the only post-processing of these images is the false color intensity map, and that the contour numbers in the calibration bar represent photon count. The improvement in imaging with a TL pulse at the sample plane is clear from the histogram of the photon counts in each image shown in (c). Scanning photobleaching tests were performed in vivo using the INP and OBJ pulses, as shown in (d) and (e) respectively. Each image was acquired in 2 seconds (0.5 Hz, 256x256-pixel) for 50 consecutive images. The mean photon count as a function of imaging time was calculated, and is displayed in (f). The photobleaching rates and intensities follow the same pattern as that observed in homogeneous TagRFP samples. Scale bars are 10 µm. uncompensated pulse (Table 1) . Thus an increase in the bleaching rate of the dye as a result of the increased efficiency is exceeded by the increase in fluorescent yield.
An unanticipated result is that correction of phase beyond third order dispersion has a measurable impact on the excitation efficiency for pulses as long as 50 fs in duration. This is of practical importance as most commercial Ti:Al 2 O 3 lasers sold for biological imaging purposes have durations in the range of 50-100 fs. Moreover, the improvement in the two photon fluorescence signal scales approximately as the inverse of pulse duration for Rhodamine B while the fluorescence measured from the TagRFP sample increases more dramatically with higher-order correction (Fig. 4) .
A pragmatic point concerns the throughput of the pulse shaping device. The intensity of the fluorescence signal varies as the square of the average excitation power [21] , yet is linearly proportional to the second order coherence. As an example, if one uses a pulse shaper with 50% throughput, the fluorescence intensity will fall to 25% of the original level, assuming the same pulse duration. Thus it is important to ensure that the gain in fluorescence from the reduction of the pulse duration will offset the loss in fluorescence due to throughput losses in the pulse shaping apparatus.
